Sperm DNA methylation is crucial for fertility and viability of offspring but epigenome evolution in mammals is largely understudied. By comparing sperm DNA methylomes and large-scale genome-wide association study (GWAS) signals between human and cattle, we aimed to examine the DNA methylome evolution and its associations with complex phenotypes in mammals. Our analysis revealed that genes with conserved non-methylated promoters (e.g., ANKS1A and WNT7A) among human and cattle were involved in common system and embryo development, and enriched for GWAS signals of body conformation traits in both species, while genes with conserved hypermethylated promoters (e.g., TCAP and CD80) were engaged in immune responses and highlighted by immune-related traits. On the other hand, genes with human-specific hypomethylated promoters (e.g., FOXP2 and HYDIN) were engaged in neuron system development and enriched for GWAS signals of brain-related traits, while genes with cattle-specific hypomethylated promoters (e.g., LDHB and DGAT2) mainly participated in lipid storage and metabolism. We validated our findings using sperm-retained nucleosome, preimplantation transcriptome, and adult tissue transcriptome data, as well as sequence evolutionary features, including motif binding sites, mutation rates, recombination rates and evolution signatures. In conclusion, our results demonstrate important roles of epigenome evolution in shaping the genetic architecture underlying complex phenotypes, hence enhance signal prioritization in GWAS and provide valuable information for human neurological disorders and livestock genetic improvement.
Introduction
Proper DNA methylation in sperm is essential for the embryogenesis and normal development through gene expression regulation [1] [2] [3] [4] [5] . Aberrant sperm DNA methylation is often associated with impaired male fertility status, embryo quality and offspring disorders susceptibility [6] [7] [8] [9] . Compared to other epigenetic regulatory elements like histone modifications, DNA methylation is a more stable regulator of gene expression [10] , which controls a long-term transcriptional activity of corresponding genes [11] . More importantly, although it undergoes nearly complete reprogramming in mammals during germ cell and preimplantation development, DNA methylome can be inherited over generations with a heritability of approximate 20% (i.e., transgenerational inheritance) [10, [12] [13] [14] [15] . For instance, Wang et al., (2014) reported that the methylation levels of approximate 6.8% of GpG sits maintained stable across sperm and embryonic developmental stages in mouse, with the majority of which were either hypermethylated (> 80%) or hypomethylated (< 20%) [13] . More recently, Li et al., (2018) confirmed that hypomethylated regions around gene promoters were highly preserve over developmental stages and across species, and were regulated by Ploycomb through ten-eleven translocation proteins [16] .
Furthermore, comparative analysis of sperm DNA methylation has been a promising way to determine genomic regions under epigenome evolution [17] [18] [19] , which is partially responsible for environmental adaption [20] . For instance, by comparing sperm methylation across seven mammalian species, Qu et al. (2018) have revealed that hypomethylated regions (HMRs) around promoters are under substantial evolutionary changes, and exhibit strong lineage-specific aspects [18] . The DNA methylation also closely interplays with the underlying nucleotide sequence due to the increased transition rates of methylated CpG to TpG [17, 20, 21] , thereby influencing the evolution of genome and contributing to the fixation of beneficial environmental adaptations into genome [22, 23] . Yi (2017) has reviewed that the spontaneous epimutations in the germline, which are caused by the environmental perturbation, may influence the sequence evolution due to their transgenerational inheritance model, and in turn the sequence evolution may affect methylome evolution through three ways, including mutation of CpG sites, biased gene conversion and transcription factor (TF) binding site turnover [23] . Together, we hypothesized that studying DNA methylome evolution in sperm could help explore the evolutionarily molecular mechanism underlying lineagespecific complex traits, thus contributing to a better understanding of environmental adaptation.
Cattle (Bos taurus) and human diverged from a common ancestor~90 million years ago [24] , and cattle is a valuable source for understanding the biology and evolution of mammals with the large-scale and accurate phenotypes, which were computed based on millions of offspring. We have conducted genome-wide association study (GWAS) for 35 complex traits with the sample size of 27,214 U.S. Holstein bulls with high reliable phenotypes and imputed sequence variants (n =~3 million), including body type, fertility and production traits (Jiang et al., 2018 , submitted; https://www.biorxiv.org/content/early/ 2018/09/26/428227). We sequenced 10 Holstein cattle sperm using the whole-genome bisulfite sequencing (WGBS) technology, aiming to determine genomic regions under epigenetic evolution through comparing with the human data [25] . We studied the associations of epigenetic evolution with complex phenotypes by integrating these epigenetic features with GWAS signals for 35 and 60 complex traits and diseases in cattle and human, respectively. We validated our findings through large-scale integration analyses of sperm-retained nucleosome, histone modifications, preimplantation transcriptome, tissue proteome data, and several sequence evolutionary features (e.g., motif binding sites, mutation rates, recombination rates and evolution signatures). Our study illustrated that the epigenome evolution contributes to the shape of the genetic architecture underlying complex traits and diseases.
Results

General characteristics of sperm methylation
Our WGBS data had an average mapping rate of 71.47% with an overall methylation level of approximate 75% for all CpG loci in the cattle genome (Supplementary Table S1 ). In general, we found the majority of genomic elements (e.g., genic regions and repeat elements like LINE and SINE) were highly methylated (> 80% on average) in the cattle sperm ( Supplementary Fig. S1A ), and similar patterns held in the human sperm methylation [17, 25] . Of note were the methylation levels of promoters (i.e., ±1000bp of transcriptional start site -TSS) and CG islands (CGI), which followed a clear bimodal pattern (i.e., peaks at < 20% and >80%, respectively) with an overall average of less than 40% ( Supplementary Fig. S1B ). We further observed that the global methylation levels among all ten cattle samples were highly correlated (Pearson's correlation r > 0.91) ( Supplementary Fig. S1C ), consistent in each genomic element, particularly in promoters, CGI, low complexity sequence and simple repeats ( Supplementary Fig. S1D ). This was in line with the human sperm methylation levels, which exhibited high between-individual correlations of 0.89, 0.94 and 0.78 for genome-wide, promoters and repeats, respectively [17] . Our results demonstrated that the sperm DNA methylation is globally highly methylated and correlated among individuals.
Sperm HMRs were enriched for GWAS signals of developmental traits
Because of the well-known roles of HMRs in the gene activation and regulation [26, 27] , we subsequently explored the sperm HMRs in both human and cattle, which may contribute to multiple biological processes in the embryonic development and organ morphogenesis, hence potentially influencing a range of complex phenotypes. In total, we detected 72,618 (covering~0.79% of cattle genome) and 138,329 (covering~2.5% of human genome) HMRs in cattle and human, respectively. The HMRs overlapped with all genomic elements, but highly intersected promoters and CGI, which were consistent in cattle and human (Figure 1(a) ). We found that cattle sperm HMRs were significantly (P < 0.05; genomewide marker-set test) enriched for GWAS signals of 32 out of the 35 complex traits in cattle. Of special note were the enrichments (i.e., -log 10 P) of body type and reproduction traits, which were significantly (P < 0.05; Wilcoxon-test) higher than those of milk production traits (Figure 1(b) ). We confirmed that human sperm HMRs were also significantly enriched for GWAS signals across many complex traits, including 9 out of 14 body developmental traits, 2 out of 4 reproductive traits, 5 out of 10 metabolic traits, and 5 out of 24 brain-related traits, but none out of 8 immune-related traits (Figure 1(c) ). Our results demonstrated that sperm HMRs were likely to harbor regulatory causative mutations across many complex traits, particularly in developmental traits (e.g., human height and cattle stature), which strongly supported their crucial roles in the normal development.
Sperm methylation evolution of orthologous genes in mammals Since promoters were believed to mediate gene expression via methylation levels and to guide evolution across millions of years [28, 29] , we investigated the conservation and divergence of methylation in promoters of 14,459 orthologous gene-pairs between human and cattle. Consistent with that cattle and human shared~80% sequence homology [24, 30] , we found methylation levels of promoters in orthologous genes were also correlated (Pearson's r = 0.45) (Figure 2 ), implying that a decent fraction of epigenome remained conserved across millions of years of evolution in mammals. To confirm this, we further examined the mouse sperm methylome [31] , and found that correlations of promoters of orthologous genes were 0.53 (n = 14,392) and 0.44 (n = 14,459) for human vs. mouse and cattle vs. mouse, respectively ( Supplementary Fig. S2 ). Bases on the bimodal distribution of promoter methylation (Fig. S1B) , we here identified four categories of genes based on their promoter's methylation levels in human and cattle ( Figure 2 ): (1) 2,761 genes with nonmethylated (< 2%) promoters in both species (nMeth-genes); (2) 1,904 genes with hypermethylated (> 80%) promoters in both species (hyper-genes); (3) 2,228 genes with hypermethylated promoters in cattle but hypomethylated (< 20%) promoters in human (CRHO); (4) 410 genes with hypomethylated promoters in cattle but hypermethylated promoters in human (COHR). Function annotation using the Gene Ontology (GO) database for both cattle and human revealed their distinct biological functions of evolutionary significance: nMeth-genes (e.g., ANKS1A and WNT7A) significantly (Bonferroni-adjusted P < 0.01) participated in biological processes of embryonic developmental importance, such as primarily mRNA processing, WNT signaling pathway and embryonic development; hyper-genes (e.g., TCAP and CD80) played significant roles in the immune system, such as T cell activation and lymphocyte proliferation; CRHO genes (e.g., FOXP2 and HYDIN) mainly functioned in neurodevelopment, such as axon and dendrite development; while COHR genes (e.g., LDHB and DGAT2) participated in lipid storage and metabolism ( Figure 2 ; details for all significant GO terms see Supplementary Table S2) . Additionally, as expected we confirmed that promoters of nMeth-genes and hyper-genes consistently exhibited hypomethylation and hypermethylation in the mouse sperm, respectively, revealing their conservation in methylation across mammals. On the other hand, CRHO and COHR showed no difference in methylation in the mouse sperm, probably because they were human and cattle-specific hypomethylated genes, respectively. Of interest, the methylation levels of promoters of both CRHO and COHR tended to be lower than those of the remaining genes in the mouse sperm, indicating their particular functions in the mouse require further investigations ( Supplementary Fig. S3 ).
Genes with conserved none and highly methylated promoters Our motif analyses revealed that promoters of nMeth-genes were significantly (FDR < 0.01) enriched for 99 and 86 out of all 921 tested motifs in human and cattle, respectively, while promoters of hyper-genes were significantly enriched for only 7 motifs in human and cattle (Supplementary Table S3 ). These results illustrated that promoters of nMeth-genes were hotspots of transcription factors, suggesting that developmental genes required a complex regulatory mechanism that involved a large amount of regulatory elements and factors to ensure their proper functions. We then grouped all the tested motifs based on their Table S2 ). The green box was for 2,761 genes with non-methylated (< 2%) promoters in both species (nMeth-genes); The red box was for 1,904 genes with hypermethylated (> 80%) promoters in both species (hyper-genes); The blue box was for 2,228 genes with hypermethylated promoters in cattle but hypomethylated (< 20%) promoters in human (CRHO); The orange box was for 410 genes with hypomethylated promoters in cattle but hypermethylated promoters in human (COHR).
DNA binding domains, and observed that promoters of nMeth-genes had a significantly higher enrichment than those of hyper-genes across many embryonic developmental motifs, including Homeobox, NAC, MYB, AP2EREBP and WRKY motif families. In contrast, promoters of hypergenes prefer to enrich for motifs associated with immunity and metabolism, including bHLH, zf, NR, TCP and bZIP motif families (Figure 3(a) ). To further support that nMeth-genes not hypergenes function at the early stages of embryonic development in mammals, we examined datasets of sperm-retained nucleosomes and embryonic activation transcriptomes in both human and cattle [32] [33] [34] [35] [36] , which corresponded to transcriptionally active genes before implantation. We confirmed that nMeth-genes not hyper-genes were significantly (P < 0.01; Fisher exact test) overlapped with nucleosome-associated genes (i.e., genes in the closest vicinity to nucleosome peaks) and embryonic activated genes, which was consistent in human and cattle ( Figure 3(b) ). In addition, nMeth-genes also significantly intersected genes that were associated with the attendant histone modifications (i.e., H3K4me2 and H3K27me3) in human sperm ( Supplementary  Fig. S4 ) [32] , which were believed to be markedly enriched at loci of early embryonic developmental importance [32, 37] . We further revealed that nMeth-genes were house-keeping genes, while hyper-genes were tissue-specific genes through examining the dataset of human protein atlas that measured the gene expression levels in all major tissues and organs in the human body [38] ( Figure 3(c) ). Our genic marker-set test analyses demonstrated that nMeth-genes were significantly (P < 0.05) enriched for GWAS signals in body type traits in cattle, while hyper-genes were significantly and selectively enriched for several immune-related traits in cattle, including somatic cell sore (SCS), cow conception rate, daughter pregnancy rate and heifer conception rate [39, 40] ( Figure 3(d) ). Similar patterns held in human, as nMeth-genes were significantly enriched for many (Table S5 ). (b) Overlaps of nMeth-genes and hyper-genes with genes associated with sperm-retained nucleosome and genes activated preimplantation in human and cattle, and P values calculated by Fisher exact test. hubG is the hub genes that were activated preimplantation, while EAG was the embryonic activated genes preimplantation. (c) Overlaps of nMeth-genes and hyper-genes with house-keeping and tissue-specific expressed genes, and P values calculated by Fisher exact test. (d) GWAS signal enrichment of nMeth-genes and hyper-genes for 35 complex traits in cattle, and P values were obtained by genic marker-set test. (e) GWAS signal enrichment of nMeth-genes and hyper-genes for 60 complex traits in human, and P values were obtained by genic marker-set test.
body developmental and brain-related traits, while hyper-genes were more likely to be associated with metabolism and immune-related traits (Figure 3(e) ). Together, all these observations indicated that non-methylated active promoters in sperm were essential for maintaining the plasticity of developmental genes to guide the embryonic development, while hyper-methylated inactive promoters in sperm might be important for silencing immune genes to ensure the successful implantation [41] .
We defined a gene, whose promoter and genic regions bear suggestive significant SNPs (P < 1e-5) for at least two complex traits, as a pleiotropic gene. We observed 175 out of 960 and 317 out of 2,261 pleiotropic genes were nMeth-genes in cattle and human, respectively, as more often than expected (P = 8.24e-5 in cattle; P = 3.65e-3 in human; Fisher exact test). This indicated that nMeth-genes were likely to be pleiotropic genes, thereby influencing multiple complex traits and diseases. We found 30 nMeth-genes were common pleiotropic genes shared in both human and cattle, and many of those were associated with similar traits between human and cattle (Table 1) . For example, ANKS1A gene, which is a well-known epidermal growth factor receptor [42] , had non-methylated promoters in both human and cattle. It was associated with multiple body developmental traits in both human and cattle (Figure 4(a) ). In contrast, we found two hyper-genes, CCRL2 and TCAP, were associated with immune-related traits in both cattle and human. CCRL2, a chemokine receptor, was associated with SCS (chr22:53567811; P = 8.90e-06) in cattle, and with rheumatoid arthritis (rs6762266; P = 4.30e-06) in human. Here we showed TCAP as an example in Figure 4 (b), which was engaged in many immune pathways [43] . TCAP was associated with SCS in cattle, and with primary biliary cirrhosis, inflammatory bowel disease, urinary metabolites, rheumatoid arthritis, and allergic disease in human.
Genes with cattle and human-specific low methylated promoters Our motif analyses showed that promoters of CRHO were significantly enriched for 27 motifs in human, including many developmental motifs belonging to AP2EREBP and MYB families, but they were significantly enriched for only 7 motifs in cattle, with the majority of those belonged to the bHLH family (Supplementary Table S3 ). In contrast, promoters of COHR were significantly enriched for two metabolism-related motifs, LXRE and MEF2C, in human, but for two developmental motifs, ERF115 and CRF10, in cattle (Supplementary Table S3 ), suggesting these genes may start to function at the early embryonic development exclusively in cattle. Genic marker-set test analysis revealed CRHO had a significantly higher enrichment (i.e., -log 10 P) than COHR for brainrelated traits in human, while COHR had a significantly higher enrichment than CRHO for milk production traits in cattle ( Figure 5(a) ).
We detected 914 brain-associated genes, whose genic and promoter regions harbor suggestive significant SNPs of brain-related traits, among those 196 were CRHO genes, as more often than expected (P = 1.63e-22; Fisher exact test) (Supplementary Table S4 ). This also indicated that CRHO genes were associated with brain-related traits. For example, FOXP2, a well-known language and speech related gene [44] , had a hypomethylated promoter with a CGI in human, but a hypermethylated promoter without any CGI in cattle ( Figure 5(b,c) ). It was associated with four brain-related traits in human, including attention deficit hyperactivity disorder, insomnia, sleep duration, and verbal numerical reasoning ( Figure 5(b) ). Similarly, we detected 517 productionassociated genes in cattle, among which 17 were COHR genes (P = 6.65e-02; Fisher exact test) (Supplementary Table S5 ). For example, LDHB, which was significantly up-regulated during lactation in dairy cows [45] , had a hypomethylated promoter with a CGI in cattle, but a hypermthylated promoter without any CGI in human ( Figure 5(d,e) ). It was associated with three milk production traits in cattle, including milk yield, protein yield and fat percentage ( Figure 5(d) ). All the results here demonstrated that comparative epigenome analyses could contribute to the detection of causative genes for lineage-specific traits, thereby providing novel insights into the genetic and evolutionary mechanisms underlying, which is partially related to environmental adaption.
Sequence evolution accompanying sperm methylation evolution Since methylcytosines were hotspots of mutations that were the ultimate source of natural selection Figure 4 . Comparison of ANKS1A and TCAP genes between human and cattle. (a) ANKS1A had a non-methylated promoter with a CpG island (CGI) on chromosome 6 in human, and bore suggestive significant SNPs (P < 1e-5) for three human complex traits, including height, waist circumference (WC) and high-density lipoprotein (HDL). (b) ANKS1A had a non-methylated promoter with a CGI on chromosome 23 in cattle, and bore suggestive significant SNPs for two cattle complex traits, i.e., stature and udder depth. (c) TCAP had a hypermethylated promoter without any CGI on chromosome 17 in human, and bore suggestive significant SNPs for three immune-related traits, including inflammatory bowel disease (IBD), primary biliary cirrhosis (PBC) and urinary metabolites (UM). (d) TCAP had a hypermethylated promoter without CGI on chromosome 19 in cattle, and bore suggestive significant SNPs for somatic cell sore (SCS) in cattle.
and evolution [46] [47] [48] , we explored the associations of sequence evolution with sperm methylation evolution. We first estimated the SNP density of C/A, C/ G, and C/T over all the CpG sits, which represented CpG mutation rates in the recent populations [49] . As expected we found that promoters of nMethgenes had much lower mutation rates than those of hyper-genes, consistent in human and cattle. Whereas, compared to COHR, promoters of CRHO had lower mutation rates in human, but higher in cattle (Figure 6(a) ). We then examined recombination maps of human [50] and cattle [51] , where we used the recombination rate of the SNP that was within or in closest proximity to a promoter to represent the corresponding gene. Consistent with mutation rates, we found that nMeth-genes had lower recombination rates in average than hyper-genes in both human and cattle, Figure 5 . GWAS single enrichment of species-specific genes and comparison of FOXP2 and LDHB between human and cattle. (a) Comparison of GWAS single enrichment for species-specific genes in species-specific traits, i.e., brain-related traits in human and milk production traits in cattle. CRHO were genes with hypermethylated promoters in cattle but hypomethylated ones in human, whereas COHR were genes with hypomethylated promoters in cattle but hypermethylated ones in human. (b) FOXP2 had a non-methylated promoter with a CpG island (CGI) on chromosome 7 in human, and bore suggestive significant SNPs (P < 1e-5) for three brainrelated traits, including sleep duration, insomnia and attention deficit hyperactivity disorder (ADHD). (c) FOXP2 had a hypermethylated promoter without any CGI on chromosome 4 in cattle. (d) LDHB had a non-methylated promoter with a CGI on chromosome 5 in cattle, and bore suggestive significant SNPs (P < 1e-5) for three cattle production traits, including milk yield, protein yield and fat percentage. (e) LDHB had a hypermethylated promoter without any CGI on chromosome 12 in human.
while species-specific genes exhibited opposite trends between human and cattle ( Figure 6(b) ). We further observed that non-methylated promoters had higher CpG densities than hypermethylated ones, and conserved promoters had similar CpG densities between human and cattle, whereas species-specific promoters had significantly diverged CpG densities between human and cattle ( Figure 6 (c)). All these implied that species-specific promoters experienced distinct CpG depletion pressures after the divergence of human and cattle. Furthermore, we demonstrated that protein-coding regions of those four gene-sets experienced distinct selective constraints through examining the paired dn/ds ratio between human and cattle within the last 90 million years. The nMeth-genes had the lowest dn/ds values, suggesting that they were under strong purifying selection, while hyper-genes had the highest dn/ds values, indicating that they evolved fast. On the other hand, species-specific genes methylation exhibited intermediate dn/ds values ( Figure 6(d) ). All these evidences here implied that genome and epigenome, particularly in genic and promoter regions, evolved together to affect complex phenotypes in mammals.
Discussion
To our knowledge, this study for the first time investigated the associations of epigenetic evolution with complex phenotypes in mammals with such large-scale GWAS results of cattle and human. We revealed multiple epigenetic features of biological and evolutionary importance in sperm, with apparent evolutionary impacts in the underlying DNA sequence, which were enriched for GWAS signals of complex traits and diseases. Our findings also, for the first time, showed that genes/genome regions under epigenome evolution in sperm were associated with lineage-specific phenotypic variation, potentially contributing to the environmental adaptation. For instance, genes with human-specific hypomethylated promoters were associated with neuro-system development Figure 6 . Sequence evolutionary features accompany the sperm methylome. (a) Comparison of CpG mutation rates in promoters of the four gene-sets in human and cattle. nMeth represented genes with conserved non-methylated promoters in both species; hyper represented genes with conserved hypermethylated promoters in both species; CRHO were genes with hypermethylated promoters in cattle but hypomethylated ones in human; whereas COHR were genes with hypomethylated promoters in cattle but hypermethylated ones in human. (b) Comparison of recombination rates. We used the recombination rate of the SNP that was within or in closest proximity to a promoter to represent the corresponding gene. The relative recombination rate was calculated as the proportion of the average recombination rate of a gene-set over the average genome-wide recombination rate. and brain-related diseases in human, whereas genes with cattle-specific hypomethylated promoters were relevant with lipid and protein metabolism. The results here provided new biological and evolutionary insights into the genetic mechanism underlying complex traits and diseases in mammals.
We found that genes with conserved nonmethylated promoters in sperm highly intersected the sperm-retained nucleosomes, histones and preimplantation activated genes, as well significantly enriched for GWAS signals of body conformation traits in both human and cattle. This was consistent with previous findings that the nucleosome and histones retained in sperm were enriched at developmental genes, whose promoters were generally hypomethylated in sperm, such as microRNA clusters and HOX gene clusters [32] , although the majority of nucleosomes are replaced by protamine during sperm maturing in human. Jiang et al. (2013) pinpointed that DNA methylation in sperm not oocyte was inherited by embryos in Zebrafish [52] , and Wang et al., (2014) also reported that the methylation levels of a fraction (~6.8%) of GpG sits in mouse sperm retained across embryonic developmental stages [13] . Additionally, our findings showed that sperm HMRs were significantly enriched for GWAS signals of multiple brain-related traits in human, such as neuroticism and depressive symptoms. This was consistent with previous reports that sperm DNA methylation alterations in older fathers might contribute to the increased incidence of neuropsychiatric and other diseases in their offspring [6, 8] . Together, the sperm DNA methylome not only facilitates mature gamete function, but also guides the early embryogenesis and influences the later life [6, 8, 32, 53, 54] .
Sperm DNA methylome affects the evolution of mammalian genomes [18] . Our results showed that genes with conserved hypermethylated promoters in sperm had higher mutation and recombination rates, and higher dn/ds ratios but lower CpG density than genes with conserved hypomethylated promoters, consistent with previous findings that the transition rates of methylated CpG to TpG mutation rates was~10 fold higher than other dinucleotides [48] . We also demonstrated that species-specific hypomethylated genes had higher CpG densities than their orthologous genes in other species, which was in agreement with a previous study that proposed even small differences in methylation may result in substantial loss of CpGs over a relatively short evolutionary period (i.e., divergence time between chimpanzee and human) [17] . One central evolutionary regime proposed that the CpG richness is driven by the low DNA methylation and consequentially by the low CpG deamination rates [55] . Together, it generally agrees with the hypothesis that the high-CG density in the genome may arise as the result of protection from methylation-induced mutations over long evolutionary periods. We currently observed that genes with hypomethylated promoters in sperm exhibited low recombination rates, which was in line with a previous observation that early developmental genes tended to have low recombination rates in their regulatory domains [56] . Additionally, we found that protein coding regions of nMeth-genes (i.e., essential genes) had much lower dn/ds values than that of hyper-genes, consistent with previous evidence that essential genes whose mutations were under strong purifying selection and thereby evolved slowly, whereas nonessential genes were under relaxed purifying selection, and thus evolved faster [57, 58] . These are all in line with the history records that both human and cattle experienced many infectious diseases, and thus the immune genes of cattle and human might be evolved fast to deal with the fast evolution of pathogens [59] . Furthermore, our current study showed that promoters with species-specific methylation were enriched for different types of TF binding motifs, consistent with that evolutionary alterations in TF binding motifs could influence the shaping of methylome among species [20] . Previous comparisons of sperm methylome between human and chimpanzee revealed that genes associated with human-specific HMRs were selectively and functionally related to neuronal functions [17] . This is in line with our findings that genes with speciesspecific hypomethylated promoters between human and cattle are enriched for GWAS signals of speciesspecific traits. It is intriguing to hypothesize that alterations in the epigenetic state or genome regulatory state may allow phenotypic flexibility in a short run along one lineage, and the selective pressure in genome then drives the subsequent sequence changes in a long run if a trait shows advantages in adaptation [17] . A current study also supported this by suggesting that during the evolution of heteromorphic chromosomes in the white-throated sparrow, the rapid and substantial regulatory evolution (i.e., transcriptome evolution) prevails before the large-scale genetic degeneration [60] . Of note, in the current paper we have focused on the promoters of genes, as the intergenic regulatory elements (e.g., enhancers) were not available in cattle yet. Also the intergenic regulatory elements are less conserved than promoters. It would be of interest to investigate the epigenetic evolution in the intergenic regulatory regions when more functional genomic data available in cattle, such as histone modification and chromatin interaction data.
Materials and methods
Sperm collection and sequence library preparation
No animal experiments were performed in this study, and ethics committee approval was therefore not required. References are provided where animal data were used.
We sampled 10 semen straws from 8 fertile, health and representative U.S. Holstein bulls. These semen samples were collected from bulls by an artificial insemination company using a standardized procedure with artificial vaginas. Each ejaculate normally had 4-5 billion sperm cells with a high mobility in a volume of 5 ml. The ejaculate was then diluted with a medium (extender), which included yolk from hens' eggs or heat-treated whole milk and glycerol. The distributed semen units/straws (0.5 ml, typically containing 10 to 40 million each), were transported and stored in liquid nitrogen tanks. After thawing and washing away the extender, we did visual examination of selected sperm samples under a microscope and found somatic cells usually were less than 1% and over 90% of sperm cells are morphologically normal. We isolated genomic DNA using QIAamp DNA Mini Kit protocol (QIAGEN, Valencia, CA, USA), and evaluated the quality of isolated DNA using the 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). We constructed the libraries using qualified genomic DNA as described previously in details [36] , then sequenced using HiSeq X Ten (Illumina, San Diego, CA, USA) with a 150bp paired-end technology. Details of the sample collection and WGBS procedure for human and mouse sperm methylome data can be found in [25] and in [31] , respectively. We reanalyzed human and mouse sperm methylomes data using the same following procedure as cattle sperm methylomes.
Raw data profiling and methylation calling
We employed FastQC v 0.11.2 (https://www.bi oinformatics.babraham.ac.uk/projects/fastqc/) and Trim Galore v 0.4.0 (https://www.bioinformatics. babraham.ac.uk/projects/trim_galore/) to check the sequence data quality and to clean the data, respectively [36] . Generally, the adapters were removed, and the reads with low quality (Q < 20) and shorter than 20 bp were filtered. We aligned the cleaned data to the reference genome UMD 3.1 for cattle sperm data, hg19 for human, and mm10 for mouse, respectively, using bowtie2 [61] . We then applied Bismark software to extract methylcytosine information [62] . All the details have been described previously [36] . The promoter regions were defined as the 1000bp down and upstream of transcriptional start sits (TSS) in the current study.
Hypomethylated region (HMR) detection
We used a strictly method to detect the HMR as described previously [36] . Briefly, we scanned the whole genome using a sliding window approach with a window-length of 200bp and a step-size of 50bp. Bases on the binomial distributions of methylation across the genomic features (Fig. S1B) , we considered a contiguous region with no less than 80% hypomethylated CpGs (i.e., the average regional methylation ≤ 20%) as a HMR. We first detected HMRs in each individual separately, then intersected HMRs among individuals within each species to obtain the common HMRs with high confidence. We only kept the common HMRs with at least five CpG sites with each CpG site was covered by more than five reads for the downstream analyses [36] .
GWAS summary statistics
Details of the GWAS analysis in the cattle were described previously [63] . In brief, a linear mixed model, implemented in MMAP (https://mmap. github.io/), was employed to conduct singlemarker GWAS analysis for 35 complex traits of 27,214 Holstein bulls using imputed sequence variants (~3 million SNPs). The model measured additive effects of genotypes while accounting for the population structure with a genomic relationship matrix. The phenotypes currently analyzed were de-regressed breeding values that have been accounted for all known systematic effects. We classified the cattle complex traits into three phenotypic categories, including 17 body type, 12 reproduction and 6 production traits. For human GWAS data, we obtained the summary statistics for 60 complex traits with an average sample size of 128,848 and an average SNP number of 5,905,874. We classified the 60 complex traits into five phenotype categories [64, 65] , including 14, 4, 10, 24 and 8 body development, reproduction, metabolism, brain-related and immune-related traits, respectively. Details of human GWAS studies are summarized in Supplementary Table S6 .
GWAS signal enrichment analysis based on detected epigenetic features
Since the complex phenotypes being studied are highly polygenic or even omnigenic [66] , we employed the following sum-based marker-set test approach to examine the enrichment of GWAS signals in a given genomic features (e.g., a list of HMRs or genes). Previous studies demonstrated that this approach had higher power or at least equal to many commonly used marker-set test methods (e.g., count-based, score-based and coviance-based) in human [67] , Drosophila melanogaster [68] and livestocks [69] [70] [71] , particularly in the highly polygenic traits.
In which m f is the number of markers within a genomic feature, and t 2 is the square of t that was computed as the marker effect (b) divided by the corresponding standard error. Here SNPs within different elements (e.g., genes) of a genomic feature were often not in linkage disequilibrium (LD), as they may scattered distantly or even on different chromosomes. This method is similar to the popular linkage disequilibrium (LD) score regression [72] , it analysed the genome-wide polygenic signals rather than a subset of SNPs that pass a certain significance threshold. It controlled LD patterns among SNPs and SNP-set sizes through applying the following cyclical permutation strategy, as described previously [67, 68] . Briefly, we first ordered the test statistics (i.e., t 2 )
for all markers on the basis of their physical positions (i.e., t ). Thus, we uncoupled associations of SNPs with a genomic feature while retaining the correlation patterns among test statistics of SNPs. We computed a new summary statistic for the genomic feature being analysed on the basis of its original chromosome position. We repeated the permutation procedure 10,000 times for each genomic feature, and obtained an empirical P-value using one-tailed tests of the proportion of random summary statistics greater than that observed. We applied two types of marker-set test approaches in the current study based on different null hypotheses: 1) genome-wide marker-set test aimed to compare the makers within a genomic feature to random markers that were drawn from the whole genome (i.e., genic and intergenic regions), 2) genic marker-set test aimed to compare markers within a gene-set to random markers that were drawn from exclusively genic regions. The current marker-set test method together with multiple quantitative genomic tools were implemented in the QGG package (http://psoerensen.github.io/qgg/).
Features of genome evolution
We computed the SNP density of C/A, C/G, and C/T over all the CpG sits to represent CpG mutation rates in the recent populations [21, 49] . We examined recombination maps of human [50] and cattle [51] , where we used the recombination rate of the SNP that was within or in closest proximity to a promoter to represent the corresponding gene. We computed the relative recombination rates as the average recombination rate of a target gene-set divided by the overall average recombination rate of the genome.
Gene-set functional annotation and motif enrichment analysis
We conducted the functional enrichment analysis for gene lists using R package clusterProfiler [73] , where a hypergeometric test, based on the current GO database, was employed. We applied HOMER (http://homer.ucsd.edu/homer/motif/) to conduct the motif enrichment analysis for promoters of interest considering all the promoters in the genome as background. We adjusted P-values for multiple testing using the FDR method [74] .
Data availability
All the cattle sperm methylomes have been submitted to NCBI under GEO accession ID GSE119263 and GSE106538. The two human sperm methylome and one mouse sperm methylome data were obtained from Gene Expression Omnibus under accession ID GSE49624 and (http://www. nodai-genome.org/mouse_en.html), respectively. All genomic annotation files, homologous genepairs, VCF files, and dn/ds ratios for human, cattle and mouse were downloaded from Ensembl database (https://uswest.ensembl.org/index.html). The GO annotation database can be publicly accessed (https://bioconductor.org/packages/release/data/ annotation/html/org.Bt.eg.db.html).
